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2It has been recently demonstrated that the exposure of naive neuronal cells to light—at the basis of optoge-
netic techniques and calcium imaging measurements—may alter neuronal firing. Indeed, understanding the
effect of light on nongenetically modified neurons is crucial for a correct interpretation of calcium imaging and
optogenetic experiments. Here we investigated the effect of continuous visible LED light exposure (490 nm,
0.18−1.3 mW/mm2) on spontaneous activity of primary neuronal networks derived from the early postnatal
mouse cortex. We demonstrated, by calcium imaging and patch clamp experiments, that illumination higher than
1.0 mW/mm2 causes an enhancement of network activity in cortical cultures. We investigated the possible origin
of the phenomena by blocking the transient receptor potential vanilloid 4 (TRPV4) channel, demonstrating a
complex connection between this temperature-dependent channel and the measured 3effect. The results presented
here shed light on an exogenous artifact, potentially present in all calcium imaging experiments, that should be
taken into account in the analysis of fluorescence data. ©2020Optical Society of America
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1. INTRODUCTION26
Manipulation of neuronal activity is fundamental in order to27
understand neuronal circuits functioning. For two centuries,28
electrical stimulation has been used as the standard method29
to control and stimulate electrical activity in neurons [1,2].30
The patch clamp technique is one of the most recognized tools31
to study electrical proprieties of a single cell or a single mem-32
brane channel [3,4] but lacks the possibility to control activity33
of a big number of neurons simultaneously. Devices such as34
multielectrode array (MEA) attempt to remedy this problem.35
An MEA consists of multiple (tens to thousands) microscopic36
electrodes through which neural activity is recorded and stimu-37
lated. However, commercial chips have a limited number of38
electrodes and electrode size (hundreds of microns) limiting the39
measurements to a population response. Custom devices with40
an elevated number of smaller electrodes (tens of microns) are41
emerging, providing better spatial resolution, but analysis of the42
recorded data becomes more complex [5]. Besides the generally43
poor spatial specificity, electrical stimulation and recording suf-44
fer from electrical interference from the environment, intrinsic45
damage caused by direct contact with the electrodes, and the46
presence of high-frequency artifacts associated with the stimula- 47
tion signal. To overcome these limitations, over the past decades, 48
novel techniques based on optical stimulation and monitoring 49
were designed [6]. Light has the advantage of being noninva- 50
sive and spatiotemporally controllable with high precision. In 51
addition, no direct contact is necessary between the stimulat- 52
ing source and the tissue, thus preventing cell damage [7,8]. 53
Optogenetic techniques are increasingly popular and are today 54
playing a key role in the field of neuroscience [9–11] allowing 55
the whole optical control of neuronal cells. This approach 56
requires genetic manipulation of the cultures to selectively insert 57
light-sensitive ionic channels (opsins) to neuron membranes, 58
allowing them to be activated by light [12–14]. However, light 59
on its own is not completely inert. Several studies report that 60
light at different wavelengths and intensities may alter cellu- 61
lar physiology [15]. Since the 1960s infrared light has been 62
known to have an effect on nerve cells [16,17] and subsequently 63
infrared neural stimulation (INS) was proposed as an alternative 64
approach to achieve optical stimulation of neurons without the 65
need for any genetic manipulation [18,19]. INS consists of short 66
pulses of infrared light directly absorbed by water [20,21], by 67
an exogenous fluorophore [22], or by gold nanoparticles [23]. 68
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Infrared techniques require delivery of high-power pulses and69
have to compete with strong absorption in water. In the past few70
years some investigations brought the attention to the effects of71
light in the visible spectrum on naive neurons. A recent work72
illustrates a significant inhibitory effect of blue and yellow LED73
light (470–570 nm range, 13 mW) on the firing activity of dif-74
ferent cell types (mitral cells and tufted neurons in the olfactory75
bulb and medium spiny neurons in the striatum) [24]. Other76
previous studies documented an excitatory effect of blue light77
on cortical neurons [25,26]. In all these works, the effect of light78
exposure appears to be due to an increase in bath or tissue tem-79
perature that leads to changes in resting membrane potential,80
spontaneous spiking, input resistance, membrane time con-81
stant, and synaptic activity in acute slices [27–29]. The present82
work is aimed to further investigate and characterize the effects83
of visible LED light on naive primary cortical neuron activity.84
We take advantage of a custom-made optical setup designed to85
perform wide field calcium imaging on a large portion of in vitro86
neuronal cultures. We demonstrate that a shift in light power87
(from 0.13 mW/mm2 to 1.8 mW/mm2) increases overall88
spontaneous calcium activity (29%). Earlier studies identified89
one of the potential mechanisms behind optical stimulation of90
neurons in the activation of heat-sensitive ion channels tran-91
sient receptor potential vanilloid 4 (TRPV4) [4 30]. Different92
TRPV channels activate at different temperatures. Here, we93
discuss that the low light level conditions (typically surrounding94
calcium imaging) may also cause the activation of these recep-95
tors through a nontrivial pathway that involve the excitation96
of the fluorophore Fluo-4. The complete characterization of97
this effect is out of the scope of this paper; nevertheless, we also98
investigated the role of the TRPV4 (sensitive to the temperature99
changes [31–33] and the responsibility for neural activation100
in the framework of the INS technique [21]) in the measured101
effect, which has been addressed elsewhere. We demonstrate102
that by blocking the channel, the activity enhancement effect103
disappears. Characterizing the effect of visible light on neurons104
is crucial for a correct interpretation of calcium imaging and105
optogenetics results. Furthermore, our approach opens the way106
to a novel stimulation technique of neuronal activity resorting to107
visible light only, avoiding genetic manipulation of the culture108
and the use of high-power infrared laser light. However, further109
investigations are necessary to better elucidate the action of light110
at cellular and cognitive levels.111
2. METHODS112
A. Animals113
Procedures using5 laboratory animals were in accordance with114
the Italian and European guidelines and were approved by the115
Italian Ministry of Health (n. 253/2016-PR) in accordance with116
the guidelines on the ethical use of animals from the European117
Communities Council Directive of September 20, 2010118
(2010/63/UE). All efforts were made to minimize suffering and119
number of animals used.120
B. Primary Cortical Neurons from Postnatal P0-P2 121
C57BL6 Mice 122
Primary neuronal cultures were prepared from the brain of 123
0-2-d-old C57BL/6 mice using culturing protocols previously 124
described [34]. In brief, after removal of the meninges from 125
the whole brain, cerebral cortices of both hemispheres were 126
isolated and digested in 0.125% trypsin for 30 min at 37◦C 127
followed by 5 min DNase incubation 0.3 mg/mL at RT. Cells 128
were mechanically dissociated with a fire-polished Pasteur 129
pipette and plated at a density of 2.5× 105 on poly-L-lysine- 130
coated glass coverslips. Neurons maintained in serum-free 131
Neurobasal supplemented with 2% B27, 1% L-Glutamine 132
and 1% Penicillin-Streptomycin solution. Cells were cultured 133
in a controlled environment for 14 days in vitro (DIV), with a 134
humidified atmosphere containing 5% CO2 at 37◦C. Two days 135
after plating cytosine arabinoside (araC) were added at a final 136
concentration of 1.5 µM to limit the proliferation of dividing 137
nonneuronal cells. With this method we obtained 80–90% 138
neurons, 8–15% astrocytes, and 2–5% microglia, as determined 139
with β-tubulin III, glial fibrillary acidic protein (GFAP), and 140
isolectin IB4 staining. Some of the experiments were carried out 141
after the addition of 4-Aminopyridine (4-AP, 2 mM, 275875, 142
Sigma-Aldrich), which blocks voltage-activated K + channels. 143
4-AP is a potent convulsant, generally used to cause epilepti- 144
form activity in in vitro preparations [35]. Here we used 4-AP 145
in order to increase calcium events frequency in culture with 146
poor spontaneous activity. The experiments were repeated, with 147
and without 4-AP, after the addition of 5 µM concentration 148
of RN1734 (R0658, Sigma-Aldrich), a selective antagonist of 149
thermosensitive transient receptor potential vanilloid channel 150
TRPV4 [31–33]. Additional experiments were done following 151
the blockage of electrical activity through 1 µM tetrodotoxin 152
(TTX, L8288, Sigma-Aldrich) administration. The latter is a 153
neurotoxin that inhibits the firing of action potentials by bind- 154
ing the voltage-gated sodium channels on cell membranes and 155
blocking the passage of sodium ions into the neuron [36,37]. 156
C. Experimental Setup 157
1. Calcium Imaging 158
Optical setup consisted of a custom-made fluorescence micro- 159
scope optimized to perform wide field calcium imaging 160
[Fig. 1(a)]. The LED light source centered at 490 nm (M490L3, 161
ThorLabs) was focused on the sample loaded with Fluo-4 162
and excited the fluorescent molecules bound to calcium ions. 163
The emission was selected with a fluorescence filter (520 nm 164
FB520-10, Thorlabs), collected by the objective (High-Res 5X 165
28-20-44, Optem) and displayed on the computer monitor 166
through a CMOS camera (ORCA-Flash4.0 V2, Hamamatsu). 167
Images were acquired with a pixel size of 1.8 µm on a field of 168
view of 2× 2 mm2, allowing the behavior of collective dynam- 169
ics to be monitored. We synchronized the LED light and camera 170
recording with a data acquisition (DAQ) board controlled by a 171
Matlab6 code. We used a heater controller (TC-324B, Warner 172
Instruments) to maintain a constant 32◦C temperature in the 173
sample incubator. The variability of the temperature during 174
illumination was below the precision of the instrument (0.1◦C). 175
Research Article Vol. 37, No. 3 / March 2020 / Journal of the Optical Society of America A 3
Fig. 1. Experimental setup and procedure. (a) Optical setup: LED light source focused on the sample excited Fluo-4 molecules. The emission was
collected by the 5X objective and imaged on the display of the computer through a CMOS camera. (b) Procedure: two calcium imaging measure-
ments were performed on the same area of the sample at low (0.18± 0.09 mW/mm2) and high (1.3± 0.08 mW/mm2) LED power illumination. 4/C
2. PatchClamp176
An electrophysiological recording chamber was placed under177
an upright microscope (Olympus BX51WI) equipped with a178
14 bit CCD camera system (Cool SNAP Myo, Photometrics).179
Fluorescence was achieved using a Cairn Research–OptoScan180
monochromator and visualized with a 40x water-immersion181
objective. The system was driven by Metafluor (Molecular182
Devices, Foster City, CA, USA). Membrane currents were183
recorded with the patch-clamp amplifier (Multiclamp 700B;184
Molecular Devices) and acquired with Clampex 10 software185
(Molecular Devices).186
D. Experimental Procedure187
1. Calcium Imaging188
Measurements of neuronal activity were carried out at DIV189
7-14. Prior to each experiment, the culture was incubated for190
30 min in a recording solution with 5 µM concentration of the191
calcium-sensitive dye Fluo-4-AM (ThermoFisher). The cul-192
ture was then washed off Fluo-4 and placed on an observation193
chamber. All experiments were performed at 32◦C. Calcium194
imaging measurements were done under two experimental195
conditions [Fig. 1(b)]: at first data were recorded using low-196
power light for excitation (0.18 mW/mm2), and after 2 min.197
a second measurement was performed on the same area of the198
sample using high-power illumination (1.3 mW/mm2). A third199
measurement at low-power light was done to check the revers-200
ibility of the phenomenon. Light power at the sample plane was201
directly measured with an optical power meter and was reduced202
compared to LED output light due to the absorption by optical203
components in the path (filter and beamsplitter). Spontaneous204
activity was recorded as image sequences of 150–300 s in dura- 205
tion, with an acquisition speed of 1 Hz. A low acquisition speed 206
was required to have enough signal-to-noise ratio in low-power 207
measurements. 208
2. PatchClamp 209
Fluo-4 loaded neurons were placed in the recording chambers 210
replacing a culture medium with a normal external solution 211
(NES) containing (in mM) 140 NaCl, 2.5 KCl, 2 CaCl2, 212
2MgCl2, 10 HEPES-NaOH, and 10 glucose (pH= 7.3 with 213
NaOH; osmolarity 300 mOsm). Patch clamp recordings were 214
obtained in a whole-cell configuration, using borosilicate glass 215
electrodes (4-5 M) filled with an intracellular solution con- 216
taining (in mM) 140 KCl, 10 HEPES, 2 Mg-ATP, 0.01CaCl2, 217
2MgCl2, and 0.5 EGTA (pH= 7.3 with KOH; osmolarity 290 218
mOsm). Neurons were voltage clamped at−70 mV for sEPSC 219
recordings. Currents were filtered at 2 KHz, digitized (10 KHz), 220
and acquired with Clampex 10 software (Molecular Devices). 221
Recording on the high-frequency channel ensures avoiding the 222
voltage deflection artifact, previously reported for blue light 223
in electrodes [38]. Neuronal activity was recorded in the pres- 224
ence of fluorescent light (1.4 mW/mm2 ± 0.08; wavelength 225
488 nm; exposure time 100–150 ms) for 10–12 min, after their 226
sEPSCs (excitatory postsynaptic currents) were monitored for 227
5 min in the absence of fluorescence. In control experiments, 228
cells were recorded for 15 min in the absence of fluorescent light. 229
All recordings were performed at 32◦C. 230
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Fig. 2. Neuron detection. Data were analyzed in the frequency
domain via two-dimensional Fourier transform and suitably filtered to
eliminate high-frequency noisy components; neurons position were
identified as the local maxima of the matrix. Scale bar: 500µm.4/C
E. Data Analysis231
1. Calcium Imaging232
For each area and each value of the power intensity, data were233
acquired and saved as three-dimensional matrix, a sequence234
of 1600× 1600 pixels images. Extracting information from235
data required two steps: neuron recognition and calcium event236
detection.237
On each area, neurons positions were identified by analyz-238
ing the mean frame over time of the high-power recording.239
This matrix was evaluated in the frequency domain via two-240
dimensional Fourier transform and suitably filtered to eliminate241
high-frequency noisy components; then the local maxima of242
the matrix are selected. For each of these points, mean intensity243
mediated on a 10× 10 pixel (≈ 25× 25 µm2) area around244
them was calculated, and the most intense were selected and245
identified as cell centroids Fig. 2. We selected the most intense246
cells in order to reduce the signal-to-noise ratio (SNR), espe-247
cially in noisy low-power measurements. To assess that this248
choice did not affect the interpretation of the results, we care-249
fully compared cells with a different degree of dye load, and we250
observed no correlation with their activity.251
Once the cell positions (500–800 for each area scanned) had252
been retrieved, their fluorescence intensity traces as a function253
of time were collected, both in low- and high-power conditions.254
Intensity traces were filtered using a previously described [39]255
modified Perona–Malik filter, an edge-enhancing denoising256
algorithm that performs smoothing within slow varying regions257
and prevents smoothing across fast varying regions (preserving258
fast varying fluctuation events associated with the electrophysio-259
logical activity of the neurons). On the filtered traces, a putative260
event is detected when a series of conditions are satisfied: at the261
onset the fluorescence intensity and the slope of the trace show262
an increase; at the offset the slope of the trace decreases, and a263
certain time interval occurs within the onset and the offset [39].264
Each putative transient was then fitted in a two-step procedure265
with a model function composed of a single-exponential rise and266
a double exponential decay to obtain the amplitude of the signal, 267
and the time constant of rise and decay. We selected calcium 268
signals when the amplitude of the fitted transient exceeded 7% 269
of the baseline value [Figs. 3(a) and 5(a)]. The threshold for 270
peak detection was chosen as 2 s.d. of the fluorescence trace 271
at rest from low-power measurement (3.5± 0.3% relative 272
fluorescence change1F /F , n = 30) and is in accordance with 273
the average somatic 1F /F transients corresponding to a sin- 274
gle action potential event (7.2%± 0.2), previously described 275
through simultaneous optical and electrical recordings [40]. 276
We recognized and discarded nonneuronal signals by analyz- 277
ing calcium transient dynamics. Astrocyte calcium transients 278
are characterized by a slowest rise time compared to neuronal 279
signals; thus, we selected only neuronal signals by discarding 280
calcium transients with a rise time higher than 3 s. 281
In the total 4 min recording (2 min low power, 2 min high) 282
from 60 to 150 spontaneously active neurons were found for 283
each glass. To determine the effect of light power, the number 284
of calcium events in low-power condition and high-power 285
condition was statistically compared, through a paired unilateral 286
Wilcoxon rank sum test. We obtained a certain number “n” 287
of glass in which light power significantly increases the num- 288
ber of calcium events. To establish if these positive results are 289
due exclusively to a repetition of type I error and thus the null 290
hypothesis (“light power increases do not augment number of 291
calcium events”) is true, we calculated the probability to get 292
by chance “n” statistically significant results over N total glass 293
measured, as 294
p =
N∑
m=n
(
m
N
)
αm(1− α)N−m, (1)
where α is the probability that the test failed rejecting the null 295
hypothesis (0.05). The relative increase was calculated for each 296
neuron and the average increase was calculated as 297〈
EventsH − EventsL
EventsL
〉
. (2)
We performed a populations analysis computing the mean 298
number of events, the average events shape, and network syn- 299
chronization on each slide showing significant increment of 300
neuron-by-neuron activity. We compared values obtained at low 301
and high power by Wilcoxon rank sum tests and the ANOVA 302
test, including low/high light as factors. Synchronicity of the 303
network was evaluated as the relative number of simultaneous 304
neural events. 305
2. PatchClamp 306
sEPSCs were identified based on a template created for each 307
neuron using 30 to 50 single events for each trace. All events rec- 308
ognized through the template search function were visualized, 309
identified, and accepted by manual analysis. Data were analyzed 310
offline with Clampfit 10 software; Origin 7 software was used 311
for statistical analysis of the electrophysiological recording. 312
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Fig. 3. (a) Fluorescence intensities traces of individual neurons, representative of the most active cells, filtered with a modified Perona–Malik filter
from low (left) and high (right) light power measurements. (b) Effect produced by increasing LED power on 12 slides (p= 3.7 ∗ 10−10). See Data File
1 for underlying values. (c) Populations analysis: mean number of events, peaks amplitude, rise time constant, decay time constant, and synchroniza-
tion, in low- and high-power conditions. Rank sum test, N = 9. (d) Number of calcium events came back to control values when cultures are exposed
again to low-power light after high-power stimulation. See Data File 1 for underlying values. (e) Results obtained by increasing LED power on five
slides treated with TTX. 4/C
3. RESULTS313
We exploited a wide field high-resolution calcium imaging setup314
[Fig. 1(a)] to study the influence of LED illumination on spon-315
taneous calcium activity of primary cortical neurons from early316
postnatal mice. By DIV 7 neuronal cortical cultures formed an317
active network and showed spontaneous activity. We recorded 318
spontaneous calcium transients on 12 mm glasses at DIV 7-14, 319
loading cells with Fluo-4 AM. For each slide we scanned sev- 320
eral large areas (2× 2 mm2) and for each area we performed 321
two measurements: one using low-power LED light (490 nm 322
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wavelength, 120 s, 0.18 mW/mm2) for excitation, the other323
using higher LED power illumination [490 nm wavelength,324
120 s, 1.3 mW/mm2) Fig. 1(b)]. Data from a 2 min recording325
were collected and analyzed through a custom-made algorithm326
designed to recognize cells (Fig. 2), select neuronal traces, and327
sort calcium events, discarding events characterized by the328
slow rise time typical of astrocytes (see methods). We analyzed329
65 areas from N = 12 slides from five different cultures. For330
each slide from 60 to 150 spontaneously active neurons were331
detected, and the number of calcium events per neurons at low332
and high power were statistically compared (paired unilateral333
Wilcoxon rank sum test) to evaluate the effect of light power.334
In n = 9 out of N = 12 (75%) slides scanned, light induced335
a significant (p < 0.05) enhancement of activity, namely an336
increase in number of calcium events per neurons as shown337
in Figs. 3(a) and 3(b). The validity of these results is assessed338
by the probability to obtain by chance “n” significant events339
over N experiments, i. e. the probability to repeat type I error n340
time, which is p= 3.7 ∗ 10−10. The average relative increase per341
neuron was 29± 6%. The phenomenon was reversible, as the342
number of calcium events came back to control values on 75%343
of slides when cultures were then exposed to the low-power light344
stimulation (p= 3.7 ∗ 10−10) Fig. 3(d). Populations analysis345
was done by selecting statistically significant slides and com-346
paring the average proprieties (number of events, amplitude347
and time constants) from low- and high-power measurements.348
We observed that relative high-power illumination induces349
a significant increase in the mean number of events (N = 9,350
p = 0.0014, rank sum test; p = 0.001, F = 15, ANOVA351
test) without affecting the event amplitude, and rise and decay352
time constants (p > 0.05, N = 9, rank sum test), as shown in353
figure Fig. 3(c). Notably, the increase in network activity did354
not affect the network synchronization (p > 0.05, N = 9, rank355
sum test), measured as the relative number of simultaneous356
events [Fig. 3(c)].357
Parallel patch clamp recordings of spontaneous network358
activity on primary cortical neurons loaded with Fluo-4 AM359
confirmed that the switch on of a fluorescent light source 360
(488 nm, 1.4± 0.07 mW/mm2, fluorescent light exposure: 361
100–150 every second) significantly increases synaptic current 362
frequency by 86% (n = 6; *p < 0.05, paired t-test), as shown 363
in Fig. 4(b), without affecting sEPSC amplitude (9.2± 2.8 pA 364
control; 8.2± 1.2 pA, 488 nm light on; n = 5; p > 0.1, paired 365
t-test; data not shown), suggesting an increase in the release of 366
neurotransmitters. The increase in sEPSC frequency was not 367
simply due to the switch on of the 488 nm fluorescent light; 368
indeed, when the experiments were performed either on Fluo- 369
4 AM loaded cells without light switch on, or in unloaded cells 370
exposed to the same light stimulation, the sEPSC frequency 371
remained unaltered [p > 0.4, n = 6 paired t-test; Fig. 4c)]. 372
To investigate the mechanisms involved in the light-induced 373
effect observed, we repeated the calcium imaging experimen- 374
tal protocol on cultures under different conditions: treated 375
with 4-Aminopyridine (4-AP, 2 mM), a K + channel blocker; 376
treated with 4-AP and loaded with the fluorophore Oregon 377
Green BAPTA-1 (OGB, 5µM); in the presence of tetrodotoxin 378
(TTX, 1 µM), a selective blocker of voltage-activated sodium 379
channels; in calcium free extra-cellular solution (0 calcium, 380
1 mM EGTA); in the presence of RN1734 (5 µM), a selective 381
antagonist of thermosensitive TRPV4 in the copresence of 4-AP 382
and RN1734. 383
Cultures treated with 4-AP showed enhanced spontaneous 384
and synchronous activity compared to control, but the effect of 385
light power on these cultures gave similar results: the increase 386
in light power caused a significant increment of calcium events 387
on 75% of the slides (rank sum p= 4 ∗ 10−7, N = 8 slides, 388
from four cultures, 42 total area, 1000 neurons), as shown in 389
Fig. 5(b). The average increase per neuron was 58± 3%, almost 390
twice the average increment in the absence of 4-AP. Population 391
analysis results are reported in Fig. 5(c) (N = 6, p = 0.046, rank 392
sum test; p = 0.06, F = 4.13, ANOVA test). 393
In order to assess if the effect could be generalized to other 394
fluorescent calcium indicator, a subsample of the cultures 395
treated with 4-AP was loaded with OGB instead of Fluo-4. 396
(a) (b) (c) (d)
Fig. 4. (a) Representative traces of spontaneous neuronal activity of whole-cell recordings from Fluo-4 loaded primary cortical neurons, under
transmission illumination (upper trace) and under exposure to fluorescence illumination (488 wavelength, low-power light; lower trace). (b) Bar
graph of corresponding mean frequency event measured before (white bar) and after (gray bar) exposure of cells to fluorescence illumination (n = 6;
*, p < 0.05, paired t-test). (c) Mean frequency event measured in unloaded primary cortical culture by patch clamp recordings, before (white bar)
and after (gray bar) exposure of cells (n = 4; p > 0.1, paired t-test) to fluorescence illumination (488 wavelength, low-power light). (d) Mean fre-
quency event measured in Fluo-4 loaded primary cortical culture treated with RN1734 (5 mM, TRPV4 blocker). Patch clamp recordings showed
that in presence of the TRPV4 blocker, interevent interval of spontaneous synaptic events was not increased by the exposure to the fluorescent light
(transmission: 77.9± 11.9 ms; fluorescence light: 82.7± 10.6 ms; n = 6; p > 0.4, paired t-test).
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Fig. 5. (a) Fluorescence intensity traces of individual neurons, representative of the most active cells, filtered with a modified Perona–Malik filter
from low (left) and high (right) light power measurements in cultures treated with 4-AP. (b) Effect produced by increasing LED power on eight slides
treated with 4-AP p= 4 ∗ 10−7. See Data File 1 for underlying values. (c) Population analysis in cultures treated with 4-AP: mean number of events,
peaks amplitude, rise time constant, decay time constant, and synchronization, in low- and high-power conditions. Rank sum test, N = 6. 4/C
(a) (b)
Fig. 6. Additional experiments using Oregon Green 488 BAPTA-1 (Thermofisher Scientific) as calcium indicator in 4-AP treated cultures.
(a) Effect produced by increasing LED power on four slides. See Data File 1 for underlying values. (b) Population analysis: the enhancement of
activity due to high-power illumination was observed also in this condition (p = 0.014, rank sum test). 4/C
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Fig. 7. Effect produced by increasing LED power in various conditions: control (top left), with 4-AP (bottom left), with RN1734 (top right) and
with both 4-AP and RN1734 (bottom right). Data from control measurements (Rank sum test, p= 8.6 ∗ 10−5, p= 4.8 ∗ 10−4) were compared with
data recorded under blockage of TRPV4 channels (rank sum test, p = 0.23). See Data File 1 for underlying values.4/C
Because of the lower efficiency of this probe, compared to397
Fluo-4, when excited with blue LED light, only four samples398
were measured and analyzed. The weak intensity in low-power399
measurements made data analysis too complex to be extended400
to a large dataset. Results, reported in Fig. 6, showed that401
the enhancement of activity was observed also in this condi-402
tion (N = 4, p = 0.014, rank sum test; F = 25, p = 0.024,403
ANOVA test).404
Administration of TTX allows detection of spontaneous405
calcium oscillations in the absence of the spike-driven calcium406
entry. By inhibiting action potential network activation, the407
application of high-power light failed to enhance network408
activity (five slides, from one culture, 40 neurons), as shown 409
in Fig. 3(e). 410
To disclose the source of calcium rise involved in the observed 411
phenomenon, an additional time-lapse recording was per- 412
formed in neuronal cultures maintained in a calcium-free 413
medium. As expected, we recorded a very low calcium activ- 414
ity, and the light-induced effect was undetectable (six slides, 415
from two cultures; data not shown). These data suggest that 416
the observed enhancement of the calcium transient frequency 417
required calcium entry from extracellular space, rather than 418
calcium release from internal stores. 419
Multiple mechanisms may underlie the calcium influx from 420
the extracellular space. Previous studies ascribe the effect of light 421
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exposure on neuronal activity to an increase in bath temper-422
ature. The importance of temperature for neural physiology423
is known: changing bath temperatures leads to changes in the424
functional state of neurons [27–29]. In particular it has been425
previously shown that, upon light stimulation of neuronal426
cultures, thermosensitive TRPV channels are activated [30],427
inducing calcium entry.428
These effects can be imputed to the sensitivity of these429
channel-to-temperature gradients across the cell membrane.430
Different TRPV channels indeed have been described to be431
temperature-sensitive channels over a wide range of temperature432
gradients. In particular, TRPV4 has been shown to respond433
to small variations in the temperature range (25◦C to 40◦C)434
typical of our experiments (32◦C) [31–33]. To highlight the435
role of these channels in the observed phenomenon, calcium436
transients were recorded in the presence of RN1734, a selective437
antagonist of TRPV4 [41]. Data reported in Fig. 7(a) show438
that the high-power-induced effect was prevented in cultures439
treated with RN1734 (p = 0.23, six slides, from five cultures,440
21 total area, 40 neurons) and in cultures treated with both441
RN1734 and 4AP (p = 0.23, five slides, from three cultures, 17442
total area, 175 neurons). Population analysis, in low- and high-443
power conditions, support the results (p = 0.14, rank sum;444
p = 0.25, F = 1.59, ANOVA test; 4AP treated: p = 0.42,445
rank sum; p = 0.75, F = 0.1, ANOVA test). In addition,446
whole-cell patch clamp experiments confirmed that in the447
presence of RN1734 the increase in spontaneous network448
activity frequency was abolished [Fig. 7(b)]. This ensemble449
of results confirms that the activation of TRPV4 channels is450
responsible for the enhancement of network activity induced451
by high-power light stimulation. With simple formulas we452
calculated the temperature increase due to illumination, taking453
into account the collected signal, camera properties, and fluo-454
rophore efficiency. However, temperature increase calculated455
in this way is insufficient (<10−6◦C) to explain the phenome-456
non of TRPV4 activation. We also measure the firing rate as a457
function of the temperature, without retrieving a significant458
activity enhancement; thus, we can ascribe our effect to a more459
complex interplay between the channel and exposure to light.460
The complex pathway leading to the measured effect needs thus461
further investigation, which is out of the scope of this paper.462
Possible causes may be linked with the interaction with a differ-463
ent receptor or to a possible sensitivity of the TRPV4 channels to464
temperature gradients between the internal (absorbing) volume465
of the cell and the (transparent) recording medium.466
4. DISCUSSION467
Our results are in accordance with previous studies reporting468
an excitatory effect of visible light exposure on cortical neurons469
in vivo. In a previous research [25] an fMRI signal was recorded470
in a rat cortex while exposed to blue laser light stimulation, and471
another work [26] reports an increasing of prefrontal cortex472
firing activity in living mice upon laser stimulation at 532 nm.473
Both studies attributed the activity enhancement to a rising in474
tissue temperature. It has been previously shown that neurons475
express TRPVs acting as sensory mediators and activated by476
endogenous ligands, temperature, and mechanical and osmotic477
stress [31]. The components of this channel’s family contrib- 478
ute to the increase of intracellular calcium by providing or 479
modulating Ca2+ entry pathways and by releasing Ca2+ from 480
intracellular stores [42]. 481
In summary, we investigated the effect of the illumina- 482
tion power on neuronal network activity on in vitro cortical 483
cultures, using a custom-made optical setup. We describe a 484
light-induced increase of synaptic activity mediated by the 485
activation of TRPV4. Our optical setup has been designed to 486
simultaneously acquire and stimulate a wide portion of the 487
sample (2× 2 mm2) with a subcellular resolution, allowing 488
the monitoring and stimulation of spontaneous intracellular 489
calcium oscillations at single cell level in a large number of neu- 490
rons. We demonstrated by optical and patch clamp experiments 491
that high-power LED exposure transiently increased calcium 492
events and spontaneous network activity on cortical cultures, 493
without affecting transient shape (amplitude, rise and decay 494
time) and network synchronization. Moreover, patch clamp 495
experiments made on neurons stimulated by high-power light, 496
in the absence of Fluo4-AM loading, demonstrated that the 497
fluorophore and light together are necessary to increase sEPSC 498
frequency. In conclusion, data obtained from this study suggest 499
that, during LED exposure, the Fluo-4 light absorption caused 500
a release of thermal energy inside the cell and the activation of 501
the thermosensitive channels TRPV4. These results warn those 502
who perform calcium imaging and optogenetics experiments 503
about the possible undesired effect on neuronal activity that 504
should be taken into account. Moreover, even if further studies 505
are necessary to better understand the mechanism behind this 506
phenomenon, our results pave the way to the exploitation of 507
optical stimulation to noninvasively modulate brain signaling, 508
avoiding genetic manipulation. 509
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